Using uniplex RT-PCR we screened honey bee colonies for the presence of several bee viruses, including black queen cell virus (BQCV), deformed wing virus (DWV), Kashmir bee virus (KBV), and sacbrood virus (SBV), and described the detection of mixed virus infections in bees from these colonies. We report for the first time that individual bees can harbor four viruses simultaneously. We also developed a multiplex RT-PCR assay for the simultaneous detection of multiple bee viruses. The feasibility and specificity of the multiplex RT-PCR assay suggests that this assay is an effective tool for simultaneous examination of mixed virus infections in bee colonies and would be useful for the diagnosis and surveillance of honey bee viral diseases in the field and laboratory. Phylogenetic analysis of putative helicase and RNA-dependent RNA polymerase (RdRp) encoded by viruses reveal that DWV and SBV fall into a same clade, whereas KBV and BQCV belong to a distinct lineage with other picorna-like viruses that infect plants, insects and vertebrates. Results from field surveys of these viruses indicate that mixed infections of BQCV, DWV, KBV, and SBV in the honey bee probably arise due to broad geographic distribution of viruses. Published by Elsevier Inc.
Introduction
The honey bee Apis mellifera L. is an important beneficial insect that assists in the pollination of a wide variety of crops with an annual added market value exceeding 15 billion dollars (Morse and Calderone, 2000) . However, honey bees are attacked by a myriad of parasites and pathogens including viruses, bacteria, protozoa and parasitic mites. So far, honey bees have been reported to be the host to at least 18 viruses (Allen and Ball, 1996) . Of those viruses infecting honey bees worldwide, acute bee paralysis virus (ABPV), black queen cell virus (BQCV), Kashmir bee virus (KBV), and sacbrood virus (SBV) are the most common infections in the United States. Most honey bee viruses are single stranded RNA viruses. They are isometrical about 20-30 nm in diameter and nonoccluded possessing a buoyant density in CsCl ranging from 1.33 to 1.42 g/ml, and a 100-190S sedimentation coefficient (Bailey, 1976) . To date, the complete genome sequences of six bee viruses, ABPV , BQCV , DWV (GenBank Accession No.: NC-004830), Kakugo virus (KV) (Fujiyuki et al., 2004) , KBV (GenBank Accession No.: NC-004807), and SBV (Ghosh et al., 1999) have been reported. The genomes of ABPV, BQCV, and KBV are monopartite bicistronic with non-structural genes at the 5 0 end and structural genes at the 3 0 end, while the genome of KV, SBV and DWV are monopartite monocistronic genomes with structural genes at the 5 0 end and non-structural genes at the 3 0 end. Based largely on phylogenetic analyses using these sequences, a new virus family, Dicistroviridae, has been proposed to include several of the honey bee viruses (Mayo, 2002) .
In nature, BQCV, DWV, KBV, and SBV infect larvae and pupae as well as adult bees, while ABPV affects only adult bees. Diagnosis of bee virus infections is difficult because honey bee viruses usually persist as inapparent infections and cause no overt signs of disease (Bailey, 1967) . In addition, attempts to determine the frequency of viruses in the field have been slowed by the fact that bee colonies can be attacked by more than one virus. Multiple viral infections have been reported in bees by a number of authors including Anderson (1990) , Anderson and Gibbs (1988) , Benjeddou et al. (2001) , Evans (2001) , Hung et al. (1996a,b) , and Leat et al. (2000) . For many years, detection and identification of viral infection in honey bee colonies were based largely on serological methods like Ouchterlony gel diffusion, indirect fluorescent antibody (IFA) and enzyme-linked immunosorbent assay (ELISA) tests (Allen and Ball, 1995; Allen et al., 1986; Anderson, 1984) . However, the use of serological methods in virus research is problematic. First, their low specificity can misclassify related viruses (Allen and Ball, 1995; Mansy et al., 1999; Rinderer and Green, 1976) . Second, serological assays are also limited by low sensitivity; and they are unable to detect latent infections. Finally, serological techniques require the production and distribution of antibodies, making repeatability across different research groups difficult. The polymerase chain reaction (PCR) assay has revolutionized the diagnosis of virus infection and offers a standard method for the specific and sensitive diagnosis of virus infection. Several studies used a RT-PCR assay to detect and identify virus infections in honey bee colonies (Bakonyi et al., 2002; Benjeddou et al., 2001; Evans, 2001; Grabenstiner et al., 2001; Hung et al., 2000; Ribiere et al., 2002; Stoltz et al., 1995) . Nevertheless, single RT-PCR assay allows the detection of only one virus per reaction and detection of mixed virus infections would require several separate RT-PCRs. Hence, the development of a rapid, reliable, reproducible, sensitive, and specific diagnostic assay for simultaneous detection of multiple virus infections in honey bees would be advantageous. Multiplex PCR is a modification of the single PCR method using a single tube-PCR amplification in which multiple pairs of primers are used simultaneously. It allows the simultaneous detection of different viruses in a single reaction and can reduce the diagnostic time and costs.
In the present study, virus coinfection in honey bee colonies was investigated. A multiplex RT-PCR assay for simultaneous detection of BQCV, DWV, KBV, and SBV in honey bee samples was developed and the specificity of the multiplex RT-PCR assay for detecting mixed virus infections was evaluated by sequence analysis of individual virus specific PCR fragments. In addition, the morphology of virus particles from the bees was examined by electron microscope with a negative stain method. Further, the phylogenetic relationships of the helicase and RNA-dependent RNA polymerase (RdRp) protein encoded by honey bee viruses and six other positive-strand RNA viruses infecting plants, vertebrates, and other insects were analyzed. To our knowledge, this is the first report on mixed infection of four viruses in honey bees and the first report of the use of multiplex RT-PCR assay for detection of multiple virus infection in honey bee colonies. This work demonstrates the feasibility of multiplex RT-PCR for simultaneous detection of multiple virus infections in the honey bee colonies.
Materials and methods

Collection of bee samples and isolation of total RNA
Bee samples used for virus screening were collected individually from 56 colonies. Ten brood (immature) and ten adults were collected individually from each colony following the method described previously (Chen et al., 2004) . Total RNA was extracted using TRIzol Reagent (RNA extraction kit, Invitrogen, Carlsbad, CA) according to the recommendation of manufac-turerÕs protocol. Adult bees and brood from each colony were placed in an Eppendorf tube individually and ground in 500 ll of TRIzol reagent. RNA samples were dissolved in DEPC-treated water in the presence of Ribonuclease Inhibitor (Invitrogen, Carlsbad, CA) and stored at À80°C for further analysis.
Construction of virus specific primers
Primers specific for DWV and SBV were designed based on the published nucleotide sequences (DWV Accession No. NC-004830; SBV Accession No. AF-09292) in GenBank. The program Primer 3 (http:// www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) was used to select the primers for each virus. Amplification of BQCV was performed using the primer pair reported by Benjeddou et al. (2001) . For KBV, amplification was conducted using virus specific primer pairs previously designed by Stoltz et al. (1995) . Amplification of ABPV was conducted using primer pairs reported by Benjeddou et al. (2001) but no product was detected in any of the samples, so we did not include this virus in the study. The primer pairs for each target virus were designed and selected to ensure that the final amplification products of multiplex RT-PCR assay could be differentiated based on their size. The primers used in the study were synthesized by Invitrogen and are shown in Table 1 .
RT-PCR amplification
To screen for virus infection in honey bee colonies, RNA samples isolated from adult bees and brood were tested for the presence of BQCV, DWV, KBV, and/or SBV separately by the uniplex RT-PCR. If bees collected from the same colonies had only one detectable virus, the virus status of the colonies was defined as mono-infection. If two, three or four viruses were detected in the bees from the same colonies, the virus status of colonies was considered as dual-infection, triple-infection, and tetra-infection, respectively. Access RT-PCR system (Promega, Madison, WI) was used for RT-PCR according to manufacturerÕs instructions. Samples were amplified using the PTC-100 DNA Engine (MJ Research, Waltham, MA). The reaction mixture contained: 1 · AMV/Tfl reaction buffer, 0.2 mM each dNTP, 1 lM of sense primer, 1 lM of antisense primer, 2 mM MgSO 4 , 0.1 unit AMV reverse transcriptase, 0.1 unit Tfl DNA polymerase and 500 ng total RNA in a total volume of 25 ll. The thermal cycling profiles were as follows: one cycle at 48°C for 45 min for reverse transcription followed by 95°C for 2 min; 40 cycles at 95°C for 30 sec, 55°C for 1 min, and 68°C for 2 min; 68°C for 7 min. Negative and positive controls (previously identified positive sample) were included in each run of RT-PCR. Amplification products were analyzed together with 100 bp ladder for determination of the size of PCR products by electrophoresis through 1% agarose gel containing 0.5 ug/ml ethidium bromide and visualized by UV transillumination.
Virus purification and electron microscopy
Honey bees from colonies identified with multiple virus infections were collected for virus purification and electron microscope (EM) study. Thirty bees were frozen in liquid nitrogen and ground to a fine powder and homogenized in 10 ml extraction buffer (0.1 M potassium phosphate buffer, pH 7.5, 0.2% diethyldithiocarbamate, 1/5 volume of diethyl ether). The mixture was emulsified with 5 ml carbon tetracholoride and centrifuged at 3000g at 4°C for 30 min to remove the tissue debris. Supernatant containing viruses was centrifuged at 15,000 rpm in a Beckman LB-70M ultracentrifuge, 70.1/Ti rotor for 2 h at 4°C. The pellet was resuspended in 2 ml of 0.2 M PBS buffer and mixed with CsCl solution to an initial density of 1.37 g/ml and centrifuged at 40 000 rpm in a Beckman LB-70M ultracentrifuge, SW4/Ti rotor for 18 h at 10°C. The virus-containing band was collected and dialyzed against three changes of 0.1 · PBS over 6 h.
The purified sample was negatively stained and examined for the presence of virus particles in an electron microscope. The presence of viruses in suspension was also confirmed by RT-PCR in parallel using BQCV, DWV, KBV, and SBV specific primers. Virus particles were negatively stained with PTA on a formvar-coated grid and viewed in a JEOL 100 CX electron microscope at magnifications between 33,000· and 100,000·.
Development of the multiplex RT-PCR assay
In an effort to develop an assay that allowed simultaneous detection of different viruses in a single reaction, multiplex RT-PCR was carried out in the samples of adult bee and brood that were identified with infections of four viruses by uniplex RT-PCR. Multiplex RT-PCR assay was performed using a one-step RT-PCR kit (Promega, Madison, WI). The reaction mixture consisted of 1 · AMV/Tfl reaction buffer, 4 mM MgSO 4 , 0.6 mM Table 1 Primers used in the study
Position of the genome Product size (bp) Reference Black queen cell virus BQCV-F (5 0 -tggtcagctcccactaccttaaac-3) 0 7850-8550 700 Benjeddou et al. (2001) 
dNTP, 0.4 unit AMV reverse transcriptase, 0.4 unit Tfl DNA polymerase, 2 lg total RNA, 0.6 lM of each specific primer for BQCV, DWV, KBV, and SBV in a total volume of 50 ll. The cycling conditions consisted of one cycle at 48°C for 45 min for reverse transcription followed by one cycle at 94°C for 2 min, 20 cycles of 94°C for 30 s, 58°C for 1 min, and 68°C for 1 min, and 20 cycles of 94°C for 30 s, 52°C for 1 min and 68°C for 1 min followed by final elongation step at 68°C for 10 min. To ensure the absence of contamination, a negative control was included in each reaction run. Since none of the colonies were previously found to be infected with four viruses, a positive control for multiplex assay was not available to include in the reaction. PCR products were separated by electrophoresis in 1.8% agarose gel and visualized under UV light.
Specificity of multiplex RT-PCR assay
The specificity of multiplex RT-PCR assay was evaluated by sequence analysis of size specific amplification products. Multiplex RT-PCR bands for BQCV, DWV, KBV, and SBV were excised from the low melting agarose gel (Invitrogen, Carlsbad, CA) and purified using Wizard PCR Prep DNA Purification System (Promega, Madison, WI). Purified RT-PCR fragments were individually ligated into a TOPO cloning vector (Invitrogen, Carlsbad, CA). Recombinant plasmid DNAs were purified using Plasmid Mini Prep Kit (Bio-Rad, Hercules, CA). The nucleotide sequences of the cloned RT-PCR fragments were determined using Applied Biosystems DNA Sequencer (Model 3100) from both forward and reverse directions. The sequence data of each virus fragment was analyzed using the BLAST server at the National Center for Biotechnology Information, NIH.
Phylogenetic analysis
To understand the phylogenetic relationship of bee viruses, sequences corresponding to amino acids of the helicase and RdRp domain were used to create phylogenetic trees. In addition, amino acid sequences of helicase and RdRp from six other positive strand RNA viruses infecting plants, insects, and vertebrates were included in the phylogenetic analysis. Initial searches for helicase and RdRp sequences were performed using BLAST. The sequences were analyzed and aligned with the Meg-Align (DNASTAR Lasergene software program, Madison, WI). Aligned sequences were imported into the phylogenetic analysis program PAUP 4.03 (Sinauer Associates, Sunderland, MA). Maximum Parsimony under a heuristic search was used to construct the phylogenetic relationship of bee viruses. The equivalent sequences of the Foot-and-Mouth Disease Virus was used as an outgroup. Phylogenies were assessed by the bootstrap replication (N = 100 replicates). Bootstrap values of >50% were regarded as providing evidence for the phylogenetic grouping.
Results
Mixed virus infections in the bee colonies
Uniplex RT-PCR was carried out with each of the primer pair specific to BQCV, DWV, KBV, and SBV and generated PCR fragments of 700, 194, 415, and 824 bp, respectively. Single or mixed virus infections were detected in adult worker bees and brood collected from colonies. Multiple viruses could be detected in a single bee, or different viruses in individual bees of the same colonies. Out of fifty-six colonies examined, 75% (42/56) colonies were found to be infected with one or more than one virus although tested bees rarely had overt symptoms of infection. Of colonies with virus infection(s), 38% (16/42) colonies had mono-infection of BQCV, DWV, KBV, or SBV, 50% (21/42) colonies had dual-infection, 7% (3/42) colonies had triple-infection, and 5% (2/42) colonies had tetra-infection (Table  2 ). The combination of DWV and BQCV infections was observed with the highest frequency (43%, 18/42) among colonies with virus infections (Table 2) .
Morphology of bee viruses under electron microscope
The bee viruses examined have are spherical to slightly ovoid particles about 29 nm in diameter as determined from EM (Fig. 1) . The virus preparation used for EM analysis was determined to contain four different viruses, BQCV, DWV, KBV, and SBV. No significant differences in virion size and morphology could be observed among the virus particles that comprised the four different viruses.
Development of multiplex RT-PCR assay
Total RNAs extracted from bees identified with BQCV, DWV, KBV, and SBV coinfections by uniplex RT-PCR were used for development of the multiplex RT-PCR assay. In order to establish the best conditions for multiplex RT-PCR, preliminary experiments were conducted to optimize several important parameters, including the concentrations of dNTP (0.2-0.8 mM), reverse transcriptase (0.5-2 unit), polymerase (0.5-2 unit), MgSO 4 (1.5-4 mM); annealing temperature (50-60°C); and PCR cycles (30-45 cycles). The final optimum reaction mixture consisted of 4 mM MgSO 4 , 0.6 mM dNTP, 0.4 unit reverse transcriptase, 0.4 unit polymerase, 2 lg RNA sample, and 0.6 lM of each specific primer for BQCV, DWV, KBV, and SBV in a total volume of 50 ll.
The multiple RT-PCR assay was able to detect all four viruses simultaneously in one reaction tube. The results of the multiplex RT-PCR for virus detection were consistent with the result of the uniplex RT-PCR assays. As shown in Fig. 2A and B , PCR products of the expected size for BQCV, DWV, KBV, and SBV were amplified separately by uniplex RT-PCR or simultaneously by multiplex RT-PCR in adult bee and brood that were collected from two different colonies. No amplification product was detected in the negative control. There were variations in band intensity among four PCR fragments that yielded from both multiplex RT-PCR and uniplex RT-PCR assays. The amplification band that was specific for KBV had the highest band intensity whereas the band representing the DWV infection had the weakest band intensity.
Specificity of the multiplex RT-PCR was confirmed by the nucleotide sequence analysis of individual PCR fragments. Sequence alignment of amplification fragments of each virus with published sequences at the GenBank resulted in 98% sequence identity for KBV, 92% for SBV, 97 % for BQCV, and 100% for DWV.
Phylogenetic relationship of honey bee viruses
Multiple alignments of the putative amino acid sequences of virus-encoded helicase and RdRp were conducted. As shown in Fig. 3A and B , all compared viruses displayed high levels of sequence similarity for both helicase and RdRp, though RdRp was more conserved than helicase. Phylogenetic consensus trees derived from sequence alignments of the helicase and RdRp were constructed after bootstrapping. Phylogenetic trees that were generated from both helicase and RdRp alignment yielded a similar result ( Fig. 4A and  B) . DWV, KV, and SBV formed a group with bootstrap values equal to 72% for helicase and 97% for RdRp.
DWV and KV were more related to one another than to SBV in the group. ABPV, KSV, and BQCV formed a separate group along with Drosophila C virus (DCV), cricket paralysis virus (CPV), aphid lethal paralysis virus (ALPV), Triatoma virus (TV), and broad bean wilt virus (BBWV).
Discussion
In the field, honey bee colonies can suffer from multiple virus infections without showing obvious pathological symptoms, thereby confounding diagnoses. A rapid and accurate diagnosis for virus infection, therefore, is a critical component of honey bee disease surveillance and control programs. Multiplex RT-PCR assays have been widely used for virus detection in plants and animals since its first description by Chamberlain et al. 1988) . In this study, we report the development of a multiplex RT-PCR method for detecting multiple virus infections in honey bee colonies by utilizing several virus-specific primers. New primers were developed for DWV and SBV such that the PCR products were clearly distinguished in size from the products of BQCV and KBV amplified using previously developed primers (Benjeddou et al., 2001; Stoltz et al., 1995) . Our results revealed that the multiplex RT-PCR can simultaneously identify infections of at least four honey bee viruses, namely BQCV, DWV, KBV, and SBV. We found that amplification of each virus template from the multiplex RT-PCR assay coincided with the results we obtained from uniplex RT-PCR assays that were used to detect individual viruses in bees. Variations in the band intensities of PCR fragments from both multitplex RT-PCR and uniplex RT-PCR suggest that there was a difference in concentrations of the coexisting viruses. The discrepancy in concentrations of individual viruses may be the result of competition among the viruses in the honey bee host, though further studies are needed to confirm this assumption.
Our results demonstrated that mixed virus infections in honey bees are quite widespread in nature, as we detected mixed infections of BQCV, DWV, KBV, and SBV in adult worker bees and bee brood. Although virus coinfections have long been recognized in plants and other animals, information on mixed virus infections in honey bees has accumulated very slowly over the last decade. Anderson and Gibbs (1988) first reported infections of KBV, SBV, and BQCV in bee colonies and demonstrated that replication of SBV and BQCV could be suppressed by activation of KBV. The genetic study of Evans (2001) showed that KBV and ABPV could infect the same bee, simultaneously. Similar dual viral infections in honey bees have been reported by Hung et al. (1996a,b) and Benjeddou et al. (2001) . Despite the fact that honey bees can harbor multiple virus infections simultaneously, gaps still exist in our current knowledge of the effects of such mixed infections on pathogenic processes in honey bees. Whether the viruses infect the same host but occupy separate physiological niches in the bees or infect the bee and share the same microenvironment to compete for host Fig 3. (continued) resources remain to be determined. Moreover, it is not known whether mixed virus infections could lead to genetic recombination between coexisting viruses and whether such recombination could result in the emergence of new viruses. To address these issues, efforts are currently underway to investigate the immunological effects of virus coinfection in honey bees and the degree of genetic heterogeneity in coinfecting viruses.
As an alternative approach, honey bees from colonies identified with multiple virus infection were subjected to analysis by electron microscopy. Though we utilized a purified bee preparation known (by RT-PCR) to con-tain four different viruses, we were unable to distinguish individual viruses since all viral particles appeared morphologically similar. This is in general agreement with previous EM studies of viruses isolated from bees (Bailey and Wood, 1977; Bailey and Ball, 1991) and from bee mites (Kleespies et al., 2000) . The separation of different bee viruses from the same preparation is very difficult because of a lack of alternate host, in which virus can be propagated specifically. The development of a technique known as reverse genetics may offer a way to generate the virus specific transcript for manipulation of RNA virus infections at the molecular level. Reverse genetics is a technique to develop infectious virus from complementary cDNA. A stable full-length cDNA clone corresponding to the genome of an RNA virus is constructed and then transcribed in vitro with the use of RNA polymerase to produce RNA transcripts which are replicas of the genomic RNA. This technology is particularly applicable to positive-strand RNA viruses, whose RNA genomes function as mRNA and can result in a productive virus infection upon introduction into bee host or host cells. As a result, a single type of virus can be purified from inoculated hosts or transformed host cells. So far, reverse genetic systems have been developed for a number of positive-stranded RNA viruses (Boyer and Haenni, 1994) , including honey bee BQCV (Benjeddou et al., 2002) . In the future, we plan to conduct studies to construct infectious transcripts of bee viruses and to evaluate their infectivity in vivo and in vitro, and to locate their distribution in tissues of honey bees by labeling individual constructs.
Molecular phylogenetics of some honey bee viruses was described previously by Evans and Hung (2000) . In their report, the phylogenetic relationships of three honey bee viruses with respect to thirteen additional plant and animal viruses were analyzed. As complete genome sequences of more honey bee viruses including KBV, DWV, KV become available in the GenBank, it will be important to add these viruses into the existing phylogenetic framework of honey bee viruses. Here we present a phylogenetic analysis based on putative amino acid sequences of the helicase and RdRp domains including additional bee viruses that have been sequenced in full. RdRp has often been used for phylogenetic analysis because the RdRp domain contains sequence motifs that are highly conserved in all positive stranded RNA viruses (Koonin and Dolja, 1993) . Phylogenetic analysis using either helicase or RdRp of viruses yielded similar results and reflect genetic divergence among bee viruses. The results showed that KBV, APBV and BQCV formed a common lineage with TV, CPV, DCV, and BBWV, suggesting their common evolutionary origin with picorna-like viruses that infect plants, insects, and vertebrate. KBV is closely related to ABPV in the phylogenetic tree as long believed. BQCV tended to group together with KBV and ABPV Fig. 4 . Phylogenetic trees derived from the putative helicase (A) and RdRp (B) amino acid sequences of the viruses. Helicase and RdRp domains used in the phylogenetic analysis are those shown in Fig. 3 . For both figure A and B , amino acid sequences were aligned using the DNASTAR Lasergene software program, MegAlign. Aligned sequences were imported into the phylogenetic analysis program PAUP 4.03. Method of maximum parsimony was used to construct the phylogenetic relationship of viruses. Foot-and-mouth disease virus was used as an outgroup to root the trees. Bar lengths represent 50 inferred character state changes for the tree derived from the helicase domain and 100 inferred character state changes for the tree derived from the RdRp domain. Branch lengths are proportional to the number of inferred character state transformations. Numbers at each node represent bootstrap values as percentages of 100 and only bootstrap values greater than 50% are shown. Viruses found in honey bees are shown in bold and honey bee viruses that recently have been sequenced in full are shown in bold and by asterisks.
but not closely related to them. DWV, KV, and SBV fell into a separate group with bootstrap value greater than 70% (72% in the phylogenetic tree derived from helicase and 97% in the phylogenetic tree derived from RdRp) in the main node, although DWV and KV are more closely related to one another in the group. Therefore, the result suggested that combined infections of BQCV, DWV, KBV, and SBV in the honey bee likely reflect broad geographic distribution of viruses or virus vectors.
Because of variations in the genome structure of honey bee viruses, the selection of appropriate primers is of crucial importance for specificity of the multiplex RT-PCR assay. The method of using universal primers to detect and to subtype viruses may not be applicable for detection of distantly related bee viruses such as BQCV and DWV that were found coinfecting honey bees with the highest frequency in this study.
The development of multiplex RT-PCR reported here will allow simultaneous detection of different viruses in a single reaction, which can save time and reduce the diagnostic cost, thereby contributing to large scale viral disease diagnosis and screening, and aid in determining the epidemiology of bee viral infections.
